Raster ion imaging of the oxygen isotopes with the NanoSIMS ion microprobe has been used to identify presolar grains in two primitive meteorites. Eleven presolar silicates and eight presolar oxides were identified in the primitive carbonaceous chondrite Acfer 094 for abundances of 325 and 360 parts per million (ppm), respectively. In addition, nine presolar silicates and five presolar oxide grains were identified in the CO3 chondrite ALHA 77307, for abundances of 320 and 200 ppm, respectively. These abundances, which are matrix-normalized and corrected for instrumental detection efficiencies, are much higher than those of other presolar phases, with the exception of nanodiamonds, although the latter may not all be presolar. The chemical compositions of six presolar silicate grains from ALHA 77307 were elucidated by Auger spectroscopy. Transmission electron microscopy (TEM ) analysis of one presolar silicate grain revealed a nonstoichiometric composition and an amorphous structure as indicated by the diffuse electron diffraction pattern. The oxygen isotopic compositions of the presolar silicates indicate origins in red giant and asymptotic giant branch stars. Analysis of the Si isotopic compositions of 10 presolar silicates provides further constraints on the effects of Galactic chemical evolution.
INTRODUCTION
Dust grains that condensed in the atmospheres of evolved stars and in nova and supernova ejecta are preserved in primitive meteorites, interplanetary dust particles (IDPs), and Antarctic micrometeorites (AMMs; Nittler 2003; Zinner 2004; Yada et al. 2005 Yada et al. , 2006 . These grains have been minimally altered since their formation and conserve the exotic isotopic signatures of their parent stars, which differ dramatically from the isotopic compositions of any solar system materials. In studying stardust, we can elucidate the intricacies of stellar evolution and nucleosynthesis and Galactic chemical evolution (GCE ) to a degree that cannot be achieved by astronomical observations alone.
The first presolar grains discovered were carbonaceous phases: presolar diamond (Lewis et al. 1987) , SiC (Bernatowicz et al. 1987) , and graphite (Amari et al. 1990 ). Presolar oxide grains are more difficult to identify, because meteoritic material is dominated by O-rich phases that originated in the solar system. Despite this background of oxide grains having ''normal'' isotopic composition, anomalous oxide grains, including presolar corundum (Al 2 O 3 ; Huss et al. 1994; Hutcheon et al. 1994; Nittler et al. 1994 Nittler et al. , 1997 Nittler et al. , 1998 Strebel et al. 1996; Choi et al. 1998 Choi et al. , 1999 Krestina et al. 2002) , spinel (MgAl 2 O 4 ; Nittler et al. 1994 Nittler et al. , 1997 Choi et al. 1998; Nguyen et al. 2003; Zinner et al. 2003 Zinner et al. , 2005 , hibonite (CaAl 12 O 19 ; Choi et al. 1999; Krestina et al. 2002; Nittler et al. 2005a) , and TiO 2 Nittler et al. 2005a) , have been identified. Most of these presolar oxides condensed around O-rich evolved stars. Although astronomical observations indicate that submicrometer-sized amorphous and crystalline silicate grains, rather than oxide grains, are the most abundant grain species in the environments of young main-sequence stars ( Waelkens et al. 1996; Malfait et al. 1998) and O-rich evolved stars (Waters et al. 1996; Demyk et al. 2000) , presolar silicates were only recently discovered in IDPs and primitive meteorites (Nagashima et al. 2004; Nguyen & Zinner 2004) .
There are several experimental challenges involved in finding isotopically anomalous silicate grains in meteorites. Silicate grains are more susceptible to destruction by processing in the solar nebula or parent body than other refractory presolar phases. As such, the very primitive meteorites (i.e., those that have largely escaped aqueous alteration and thermal metamorphism) are most likely to harbor these fragile grains. In addition, presolar silicates are prone to being obscured by the plethora of silicate grains that have compositions indistinguishable from the average compositions of solar system materials. In other words, a large number of grains must be analyzed in order to find the few isotopically anomalous ones. These difficulties are exacerbated by the submicron sizes of most presolar silicate grains and the limiting spatial resolution (>1 m) of traditional ion microprobes, the instrument of choice for locating presolar grains.
These complications can be addressed by taking advantage of the novel capabilities of the NanoSIMS 50 ion probe (Cameca Instruments). The high spatial resolution and sensitivity of this instrument allow for the isotopic measurement of single grains down to 0.1 m diameter . Furthermore, individual anomalous submicron grains can be identified while packed in among grains of solar system origin by way of multidetection raster ion imaging . The discovery of presolar silicates in meteorites was achieved by raster ion imaging of tightly packed size-separated grains from the primitive meteorite Acfer 094 in the NanoSIMS ( Nguyen & Zinner 2004) . Since then, presolar silicates have been identified in other meteorites as well ( Mostefaoui et Ebata et al. 2006; Marhas et al. 2006; Tonotani et al. 2006; Vollmer et al. 2006) . Here, we report on further searches of presolar silicate grains and presolar oxide grains, as well as additional isotopic and chemical analyses of them. Nguyen & Zinner (2004) identified presolar silicate grains in a size-separated sample containing matrix grains 100-500 nm in diameter from the primitive carbonaceous chondrite Acfer 094. In the present study the search for presolar silicate grains in meteorites was extended to another grain size separate of Acfer 094 containing grains 0.5-1 m in diameter, as well as to polished meteorite thin sections of Acfer 094 and the CO3 chondrite ALHA 77307. Densely packed areas on the grain dispersion mounts and matrix areas on the thin sections were chosen for analysis by multidetection raster ion imaging with the Cameca NanoSIMS 50 at Washington University. A typical measurement involved rastering a focused ($100-200 nm) primary Cs + beam of a few pA over 20 ; 20 m 2 areas (256 ; 256 pixels) for 20-40 scans. The three oxygen isotopes, 24 Mg 16 O, and 28 Si were measured as negative secondary ions simultaneously in five electron multipliers. Secondary electrons were detected along with the secondary ions. The ion images allow for the identification of grains having anomalous O isotopic ratios, and in most cases they also enable the differentiation of silicates from oxides on the basis of the correlated 24 Si/ 28 Si ratios of anomalous grains are therefore normalized to the average ratios of the isotopically normal grains in the analyzed areas.
EXPERIMENTAL
Comparison of O isotopic measurements of small spatially separated grains with isotopic imaging measurements of tightly packed grains showed two distinct effects. First, the detection efficiency of isotopically anomalous grains is lower during imaging analysis than during isolated-grain analysis and depends on grain size. Whereas the abundances of presolar spinel grains in the Murray separates CF (average grain size 0.15 m) and CG (average grain size 0.45 m; Tang & Anders 1988) are 2.4% (15/628) and 1.7% (21/1253), respectively, in isolated-grain analysis , these abundances are 0.16% and 0.9%, respectively, in isotopic imaging analysis of tightly packed grains . Second, O isotopic ratios measured by isotopic imaging are shifted toward normal ratios when compared with those measured in isolated grains . Both effects are undoubtedly due to overlap of the primary beam onto adjacent, isotopically normal grains, which dilutes the measured isotopic compositions of the anomalous grains.
In order to investigate this dilution effect more systematically, we performed computer simulations of raster imaging measurements on tightly packed grains. The grains were represented as circles of identical size, and the primary beam was assumed to be a circle with uniform current density. Anomalous grains were assumed to be packed in with isotopically normal grains. In addition to grain and beam diameter, other parameters that could be varied were the raster step size, the offset of the raster grid relative to the grain position grid, and the number of measurement pixels that were binned to obtain a measurement point. Results of simulations are shown in Figures 1 and 2 . Figure 1 shows the measured O isotopic ratios (right) compared to the original ratios (left), which were assumed to cover the log-log O three-isotope plot in a uniform grid. Figure 2 shows a comparison of the original (left) and simulated (right) measurements of presolar oxide grains measured as isolated grains (Nittler et al. 1997 (Nittler et al. , 2005a Choi et al. 1998 Choi et al. , 1999 Krestina et al. 2002; Zinner et al. 2003 Zinner et al. , 2005 . As can be seen, the effect of beam overlap is mostly to shift isotopic ratios with depletions in 17 O and 18 O relative to solar isotopic ratios toward the normal ratios. In contrast, the effect on ratios with excesses in 17 O and 18 O is much less pronounced. As expected, the degree to which anomalous ratios are shifted toward normal ratios increases with increasing ratio of primary beam diameter to grain diameter.
However, this simulation is only a crude first step. In reality, there are additional factors that can contribute to shifts toward normal isotopic ratios. First, the assumption of a uniform current density within a circular beam is not realistic. In fact, the primary beam of the NanoSIMS has an approximately Gaussian shape, with diameter corresponding to the full width at half-maximum (FWHM). The resulting long tails on the beam increase the dilution effects. Another factor is the low number of counts in 17 O and 18 O (especially in grains with large depletions in these isotopes), which forces us to bin several pixels in order to obtain statistically meaningful total counts. Consequently, areas at the edges of the grains having larger contributions from adjacent material are included in the data analysis. Finally, there is the possibility of shifts in the position of the rastered image from one measurement frame to the next (we analyzed 20-40 individual frames) due to drift of either the sample stage or the primary beam. Although we aligned the individual images relative to one another by autocorrelation between individual layers in order to obtain an integrated image of all frames, these positional shifts resulted in some isotopic dilutions.
To better understand the effects of the nonuniform beam shape and low counting statistics, we performed additional simulations in which synthetic NanoSIMS O isotopic images were generated assuming a Gaussian beam with FWHM ¼ 100 nm. In each image, several presolar grains with a range of sizes and isotopic compositions were randomly placed in an otherwise homogeneous, isotopically normal medium. Individual pixel counts were randomly selected from Poisson distributions corresponding to count rates and integration times similar to those of the real measurements.
The simulated images were subsequently analyzed as if they were actual NanoSIMS data (Fig. 3) .
Six O isotopic compositions were assumed for simulated presolar grains (Fig. 3, filled triangles) , representing the range of most observed presolar oxide and silicate grains. For each composition, six grain diameters ranging from 150 to 600 nm were considered Filled triangles indicate the true compositions assumed for the presolar grains; other symbols indicate ratios determined by image processing analysis for grains of various diameters (denoted for one original isotopic composition). The composition of grain A is the approximate median composition of group 1 presolar oxide grains. Isotopic dilution from neighboring grains affects all measured compositions, but is much more severe for the smallest grains. The shaded ellipse corresponds roughly to the range of O isotopic ratios determined for isotopically normal grains in real NanoSIMS data. (other plotted symbols). These results indicate that shifts in isotopic composition due to dilution from neighboring grains occur even in grains significantly larger than the primary beam and that for the smallest grains these shifts are much more severe than those obtained by the simpler simulations described above. It is illustrative to examine the results for grain ''A'' in Figure 3 . The O isotopic composition of this grain is the median composition of group 1 presolar oxide grains, the largest population of presolar oxides ( Nittler et al. 1997) . The simulations indicate that even for 250 nm grains this composition gets shifted to a composition close to the field of isotopically normal grains (shaded ellipse), and a grain with this composition thus would likely not be identified as presolar in a real measurement. Since grain A has a median composition, the simulation suggests that at least 50% of typical group 1 250 nm grains are likely to be missed in raster imaging measurements, in accordance with the comparison of Murray spinel data described above. In fact, even the more realistic simulations resulting in Figure 3 are oversimplified, due both to the possible image shifts discussed above and to the fact that the primary beam can have non-Gaussian tails and halos as well as astigmatism. In view of all these effects, it is clear that all O isotopic anomalies obtained by raster imaging should be considered lower limits. For estimating abundances of the silicate and oxide grains obtained in our searches, we calculated detection efficiencies for each grain size by making a linear interpolation of the experimentally determined efficiencies for Murray spinel grains of average size 150 and 450 nm Zinner et al. 2005) . Measurements of presolar silicates and oxides with the Cameca IMS 1270 equipped with a silicon imaging device (SCAPS; Yurimoto et al. 2003) suffer even more from isotopic dilution effects than NanoSIMS measurements because of the more limited spatial resolution of the 1270/SCAPS analysis (Nagashima et al. 2004) . As a consequence, the O isotopic ratios obtained in this way are shifted even more toward normal compositions, and the detection efficiency is lower than that obtained with NanoSIMS imaging.
Secondary ion mass spectrometry (SIMS) is a destructive measurement technique, and any subsequent grain characterization can only be performed if some material remains. In some cases, it is impossible to study a particular grain further. Fortunately, the NanoSIMS has a lower sputtering rate than other SIMS instruments, increasing the likelihood that complementary analysis techniques can be applied. The chemical compositions of presolar silicate grains have been deduced previously by obtaining energy dispersive X-ray (EDX) spectra in a scanning electron microscope (SEM; Nguyen & Zinner 2004 ). The excitation volume and hence lateral resolution of this technique are typically larger than the sizes of most of the presolar grains analyzed. Thus, contributing signals from surrounding grains result in uncertainties in the determined chemical compositions. Transmission electron microscope (TEM) analysis allows for the crystal Fig. 4 .-Oxygen isotopic ratio and isotopic images of a 10 ; 10 m 2 area containing a presolar grain (circled ) from the Acfer 094 thin section (grain A094 _ TS6). The color bars for the upper two plots give the ratios as delta values ( ), or deviations from solar oxygen isotopic ratios in parts per thousand (c); those in the lower two plots give ion intensities in counts per second. Small deviations from normal isotopic composition are due to statistical fluctuations. However, the presolar grain has a much larger anomaly. Ion images of 24 Mg 16 O and 28 Si indicate that this is a Mg-rich silicate grain. Gray areas in the ratio images indicate regions of the sample where the counts are too low to be statistically significant; these areas were excluded from analysis. structure and chemical composition (by EDX analysis) of a grain to be established with a lateral resolution of $1 nm, eliminating the interference from neighboring grains. The preparation of an electron-transparent grain section containing a presolar silicate grain from Acfer 094, which was carried out using focused-ionbeam (FIB) lift-out (Stroud 2003) , resulted in the first TEM study of a presolar silicate grain from a meteorite. The FIB lift-out was performed using a FEI FIB 200 and an ex situ micromanipulator. The TEM studies were performed with a 200 kV JEOL 2010F TEM equipped with a Noran Vantage EDX system.
In addition, Auger spectroscopy has been applied recently to study the elemental compositions of presolar grains ). This technique makes it possible to create major element distribution images with a spatial resolution of just 10 nm. By aligning such images and secondary electron images obtained in the Auger instrument with the NanoSIMS isotopic images, it is possible to identify the presolar grains whenever they have not been completely sputtered away. One fundamental advantage of Auger spectroscopy is that no special sample preparation is required. Any sample that can be analyzed in the NanoSIMS can directly be used in the Auger spectrometer. The Auger measurements in this study were made with a PHI 700 Scanning Auger Nanoprobe at Physical Electronics in Chanhassen, Minnesota. Before the analyses, the sample surface was sputtered in the instrument for 15 s with a low-energy Ar beam to remove adhering contaminants. Secondary electron and Auger elemental distribution images were acquired at primary beam energies between 10 and 20 kV. Automated image registration was used to avoid image shifts during the acquisition of elemental maps, which took up to several hours.
RESULTS
We used the same criterion described by Zinner et al. (2003) to distinguish isotopically anomalous grains from grains having normal isotopic compositions. In this case, the range of normal isotopic ratios was determined by dividing each image into smaller areas of comparable size to the anomalous grain. Grains whose isotopic ratios are clearly distinct from the normal isotopic distribution are considered presolar. More specifically, the isotopic compositions of presolar grains had to be at least 3 away from the average composition of the ''normal'' grains. In addition, they also had to be at least 2 away from a 3 ellipse around the normal grain compositions. This ellipse is centered on the average isotopic composition of the ''normal'' grains. A total of 19 anomalous grains in Acfer 094 and 14 anomalous grains in ALHA 77307 were identified having O isotopic ratios distinct from those of the surrounding matrix material (Figs. 4 and 5). All of these grains have sizes in the range 100-600 nm. O À ratio, as determined by NanoSIMS analysis, five of the presolar oxides in Acfer 094 are most likely corundum or hibonite, and three are spinel. For ALHA 77307, two grains are corundum or hibonite, and three appear to be spinel. Auger analyses of six anomalous grains from ALHA 77307 indicate that one grain identified as spinel by NanoSIMS secondary ion ratios is actually a silicate grain, one Mg-poor oxide grain is a hibonite, and one grain originally identified as a silicate might actually be corundum. These results are discussed in further detail later in this section.
Abundance calculations from the study of grain size separates have large uncertainties due to errors in measuring the small mass of each separate. In addition, while the sizes of most presolar silicates are expected to fall in the range analyzed in these fractions, it is probable that some presolar silicates fall outside of this size range. The abundances of presolar silicates and oxides in Acfer 094 and ALHA 77307 were thus calculated from analyses performed on the thin sections. While this approach improves the abundance determinations, uncertainties remain due to counting statistics, difficulty in determining grain sizes, and isotopic dilution effects (see x 2). Currently, the error in grain size determination is unsystematic. For uncorrected abundances we thus report errors based on counting statistics alone, and these should be taken as lower limits. The uncertainties in abundances that are corrected for the detection efficiency include the errors from counting statistics as well as errors in determining the detection efficiency, which were derived by linear interpolation of the errors that arise from the limited number of Murray spinel grains measured in singlegrain analysis mode . Two separate sets of NanoSIMS analyses were performed on the ALHA 77307 thin section. The experimental conditions during acquisition of the first data set were not ideal, as the primary beam occasionally suffered substantial shifts during image acquisition, and most likely resulted in a lower detection efficiency of anomalous grains than for the second measurement session. Therefore, abundance determinations for ALHA 77307 were solely based on the second set of analyses. For each meteorite, the areas covered by the presolar silicates and oxides in the thin sections were divided by the total area analyzed. The matrix-normalized abundances of presolar silicates and oxides in Acfer 094 are 90AE 35 and 55 AE 20 parts per million ( ppm), respectively. The abundances of presolar silicates and oxides in ALHA 77307 are 95AE 40 and 30 AE 20 ppm, respectively. After applying a correction for the detection efficiency of the imaging technique as a function of grain size, we calculate a presolar silicate abundance of 325 AE 155 ppm and a presolar oxide abundance of 360 AE 155 ppm for Acfer 094. For ALHA 77307, we obtain a corrected presolar silicate abundance of 320 AE 150 ppm and a presolar oxide abundance of 200 AE 115 ppm. The presolar silicate abundances increased by a factor of $4, and the presolar oxide abundances increased by a factor of $6 after the correction was applied, a consequence of the fact that the presolar oxides are on average smaller than the presolar silicate grains. When the errors in the abundance calculations are taken into account, the two meteorites have essentially the same abundances of presolar silicates and oxides. Mg 16 O and 28 Si, indicating its silicate nature. The O isotopic ratios for all of the presolar grains found in this study, along with those identified by Nguyen & Zinner (2004) , are plotted in Figure 5 . They fall into the same range that has been observed for other presolar oxide grains. Also shown in this figure is the range of isotopic compositions for normal matrix grains, which is clearly distinct from the range for the presolar a Identification is based on the lack on MgO in the secondary ion signal. Hibonite cannot be excluded.
b Auger analysis indicates this grain is a hibonite grain, whereas NanoSIMS data inferred a corundum composition.
grains. The measured O isotopic ratios for the presolar silicates and oxides are given in Tables 1 and 2 , respectively.
The Si isotopic compositions of 10 presolar silicates are shown in Figure 6 along with the line representing the correlation observed in the dominant ''mainstream'' population of presolar SiC grains (see x 4.2.2). The silicate data points primarily fall on the mainstream line, although a few plot slightly to the left. Most of the grains tend to cluster around the solar isotopic composition, which might be attributed to isotopic dilution by surrounding normal grains. As for O isotopic ratios, all Si isotopic anomalies should be taken as lower limits.
Attempts were made to produce FIB lift-out sections of six of the presolar silicate grains reported by Nguyen & Zinner (2004) from the fine-grained size separate of Acfer 094. Three sections were produced, but one grain was too small for analysis, and one section had surrounding grains attached to it. One section did provide useful information, however (Fig. 7) . The TEM study of the presolar silicate grain contained in this section revealed a diffuse electron diffraction pattern, indicative of an amorphous structure. The fact that we analyzed a cross section of the grain ensures that the structural analysis is sound. The preceding NanoSIMS measurement would have amorphized only the first $10-20 nm of the grain. In addition, the grain does not have any rims or subgrains. The EDX analysis (Fig. 8) of the presolar silicate indicates a nonstoichiometric elemental composition containing Si, O, Mg, Fe, Al, and Ca. The spectrum also shows contributions from Pt and Ga from the production of the FIB section, Cu from the TEM grid, and Cs from the implantation of primary ions during the NanoSIMS measurement. This grain was suggested to have the chemical composition of clinopyroxene based on a preliminary SEM-EDX study (Nguyen & Zinner 2004 ). The different conclusions drawn from the two analytical techniques illustrate the importance of FIB/ TEM studies of these grains.
An example of the secondary electron images and elemental maps obtained in the scanning Auger microprobe is given in Figure 9 . The presolar grain AH77307 _ 21a, identified as a silicate in the NanoSIMS, is indicated in these images and appears as a separate grain from the surrounding matrix grains in the thin section. As can be seen in the elemental map, this grain is comparatively Mgrich and Fe-poor, and is thus confirmed to be a Mg-rich silicate. In addition to this grain, five other grains initially identified as silicates were studied in the Auger microprobe. Two of these grains could not be distinguished from the surrounding matrix grains, and it is possible that they had been sputtered away. According to the Auger analysis, grain AH77307 _ 21b is a Mg-rich silicate with no Fe, and grain AH77307 _ 16a is a Mg-rich, Fe-poor silicate. These identifications are consistent with the NanoSIMS classifications. Grain AH77307 _ 16b has a relatively high 28 indicates an Al hot spot and no Mg, suggesting corundum instead. This grain is surrounded by silicate grains and the 28 Si À / 16 O À ratio obtained from NanoSIMS analysis can be attributed to signal from these neighboring silicates.
Auger analyses were also conducted on three grains that were originally classified as oxide grains according to the NanoSIMS analysis. One of these grains did not appear distinct in the Auger images and either had been sputtered away during NanoSIMS analysis or has an elemental composition that is indistinguishable from the surrounding silicate matrix. Grain AH77307 _ 17 was initially classified as a corundum grain based on the lack of 28 These data argue for a spinel identification. A careful alignment of the isotope ratio images with Auger elemental images, however, shows that the isotopic anomaly is carried by an Fe-rich silicate. Adjacent to this silicate grain is a Mg hot spot and an Al hot spot, which likely accounts for the initial NanoSIMS identification. Auger spectroscopy is clearly robust in elucidating the major element compositions of these small grains due to its superior lateral resolution. Since it can be used directly on the NanoSIMS sample mounts it represents a valuable companion technique to NanoSIMS analysis.
DISCUSSION
Presolar silicate grains have now been identified in IDPs (Messenger et al. , 2005 Floss et al. 2006) , meteorites (Mostefaoui et al. 2003 Nagashima et al. 2004; Nguyen & Zinner 2004; Hoppe et al. 2005; Kobayashi et al. 2005; Stadermann et al. 2005a; Ebata et al. 2006; Marhas et al. 2006; Tonotani et al. 2006; Vollmer et al. 2006) , and Antarctic micrometeorites (AMMs; Yada et al. 2005 Yada et al. , 2006 . We identified 19 grains in Acfer 094 and 14 grains in ALHA 77307 that have anomalous O isotopic compositions. Of these grains, 11 from Acfer 094 and nine from ALHA 77307 are Si-rich according to the 28 Si ion images. An additional 45 presolar silicates have been found in Acfer 094 Nagashima et al. 2004; Hoppe et al. 2005; Kobayashi et al. 2005; Stadermann et al. 2005a; Vollmer et al. 2006 ) and eight in ALHA 77307 ( Kobayashi et al. 2005) .
Although most presolar silicate grains have been identified with a NanoSIMS ion probe, they have also been identified by direct ion imaging in a Cameca IMS-1270 ion microprobe equipped with a SCAPS solid-state imaging device (Nagashima et al. 2004 Kobayashi et al. 2005; Ebata et al. 2006; Tonotani et al. 2006) . The spatial resolution of the IMS-1270 ($0.3-1 m), however, is inferior to that of the NanoSIMS ($0.1 m). Consequently, the isotopic compositions are even more diluted and many of the small anomalous grains go undetected. In the remaining discussion, we concentrate on studies that were performed with the NanoSIMS.
Abundance
All of the meteorites in which presolar silicates have been found were chosen specifically because they are good candidates for the preservation of presolar minerals that are less robust than other presolar phases already identified. In fact, many of the meteorites chosen are far from being representative samples of the chondrite class to which they belong. Thus, the difference in abundance of presolar silicates between these meteorites does not necessarily reflect any trend in the primitive state of different types of chondrites. Figure 10 gives the abundances of presolar silicates and oxides in various extraterrestrial samples. In order to obtain a meaningful comparison with the results reported by other investigators in the figure, we have not corrected the abundances for the detection efficiency, and we thus compare the raw abundances (ratio of total area of presolar grains to total area analyzed ). The analyses of all materials in Figure 10a were performed by ion imaging in the NanoSIMS, and the detection efficiencies are likely similar. Thus, comparison of the corrected matrix-normalized silicate abundances should give the same conclusions. In Figure 10b the uncorrected matrix-normalized abundances of presolar oxides in Acfer 094 and ALHA 77307 are reported and compared with the abundance of presolar oxides in Murray, which were measured by single grain analysis. In this case, it may be more realistic to compare the abundance in Murray to the corrected abundances in Acfer 094 and ALHA 77307. Nevertheless, the general conclusions are not fundamentally altered in either case.
In the following discussion of presolar silicate abundances in various samples, the reported abundances have not been corrected for detection efficiency. Floss et al. (2006) report a presolar silicate abundance of $375 ppm in isotopically primitive IDPs. This value is likely more representative than the value of $810 ppm derived by including the data of Messenger et al. (2003) , which is biased by one particularly large presolar silicate grain. As with IDPs, the abundance of presolar silicates among individual micrometeorites can vary by a wide margin. Yada et al. (2006) calculate an average abundance of $50 ppm for AMMs. The uncorrected abundance of presolar silicates in Acfer 094 relative to the matrix material is 90 ppm and that in ALHA 77307 is 95 ppm. Presolar silicates are susceptible to destruction by parent body processing. The difference in abundances suggests that the parent bodies of IDPs are generally more primitive than those of meteorites, and perhaps of some AMMs. On the other hand, Busemann et al. (2006) concluded from a recent study of insoluble organic matter from IDPs and carbonaceous chondrites that the parent bodies of both types of extraterrestrial materials preserve primitive organics. The combined abundance of circumstellar silicates in the matrix of the ordinary chondrites Semarkona and Bishunpur has been inferred to be $15 ppm ( Mostefaoui et al. 2003 . The aqueous alteration and thermal metamorphism experienced by these ordinary chondrites have almost certainly directly affected the survival of presolar silicates. Presolar silicate abundance comparisons in various meteorites can thus provide a gauge for the effects of meteorite formation histories on presolar grain survival.
The uncorrected matrix-normalized concentrations of presolar oxide grains in Acfer 094 and ALHA 77307 are 55 AE 20 and 30 AE 20 ppm, respectively. In stark contrast, the matrix-normalized abundance of presolar oxides obtained from the single grain analysis of residues from the CM2 chondrite Murray (58.8% matrix material; McSween 1979) is only $2 ppm and that in Tieschitz (13.5% matrix material; Huss & Lewis 1995) is only $0.4 ppm ( Nittler et al. 1997 ). This difference is even more glaring if we compare the detection efficiency-corrected presolar oxide abundances for Acfer 094 and ALHA 77307, 360 and 200 ppm, respectively. Presolar oxide grains are more resilient than silicate grains to processing on the parent body, and we would not expect to see much variation in the abundance among different meteorites, if indeed mixing in the early solar nebula was relatively homogeneous. The large discrepancy in the oxide abundances in these meteorite samples suggests that the distribution of presolar grains in the solar nebula was not uniform among the formation regions of different meteorite classes. Interestingly, a systematic study of the abundances of presolar SiC, diamond, and graphite in meteorites of various class and petrologic type showed correlations between the abundance patterns within a meteorite class and the metamorphic history of the host meteorite (Huss & Lewis 1995) . Those data suggest that all types of chondrites sampled the same mixture of presolar grains and any observed differences in presolar grain abundances between meteorite samples can be attributed to the degree of metamorphism (in particular, thermal processing) experienced by the meteorites. The presolar oxide abundances in the database so far seem to contradict this conclusion, unless the oxide phases are subject to alteration by thermal processing to a similar extent as silicates. However, CM2 meteorites did not experience much metamorphism and oxide grains are not expected to be highly affected by aqueous alteration. Of course, the effect of parent body metamorphism on the survival of presolar oxide grains is currently not well known. A survey of presolar oxide abundances in meteorites of various petrographic types would help to clarify the issue. Figure 11 gives updated abundances of presolar grains in bulk samples. As in the previous figure, the presolar silicate abundances shown here have not been corrected for the detection efficiency, but the overall trends would not change. Whereas a few years ago such a chart did not even include presolar silicate grains ( Zinner 1998) , we now see that the presolar silicate abundance is greater than the abundances of other presolar phases, save perhaps presolar diamonds, if indeed all the meteoritic nanodiamonds are of presolar origin. This is consistent with astronomical observations, which indicate that silicate phases dominate the types of dust produced in the outflows of evolved O-rich stars and are the major solid constituent of solar system materials (Waters et al. 1996; Demyk et al. 2000) . In addition, presolar oxide grains are much more abundant than they were once thought to be.
Isotopic Composition
Presolar grains present the opportunity for isotopic analysis of multiple elements in single grains. These analyses have mainly been performed in carbonaceous phases, such as SiC and graphite. More recently, many elements have also been measured in presolar oxide grains (Choi et al. 1999; Nittler et al. 2005a; Zinner et al. 2005) . Similarly, the isotopic compositions of several major elements, including Si, O, and Mg, can be measured in presolar silicate grains, which originate from O-rich stars. By measuring the isotopic ratios of these elements, we can gain detailed knowledge about various nucleosynthetic processes that occur before red giants evolve into carbon stars. These ratios also reflect the effects of GCE, which established the original isotopic compositions of the parent stars.
Oxygen
The O isotopic ratios are greatly affected by various astrophysical processes. These effects have previously been observed in presolar oxide grains and four groups of oxides were designated based on the O isotopic compositions of these grains (Nittler et al. 1997) . Note that the grains form a continuous distribution in O isotope space, so that for some grains, assignment to a given group is somewhat ambiguous. Nonetheless, the different groups do reflect different nucleosynthetic processes and /or properties of the parent stars and are useful for purposes of discussion. The O isotopic compositions of presolar silicate grains identified in different carbonaceous and ordinary chondrites are plotted in Figure 12 , along with the approximate ranges of compositions for the four oxide groups. In general, most of the presolar silicate grains fall into group 1. These grains are believed to come from red giant branch ( RGB) or asymptotic giant branch (AGB) stars whose O isotopic compositions are determined by partial H burning during main-sequence evolution followed by the first (and second ) dredge-up (Boothroyd & Sackmann 1999 . The crosshatched bars indicate the abundance of presolar spinel and corundum in the Acfer 094 meteorite as determined by raster ion imaging in the NanoSIMS. The concentration of presolar oxides in this meteorite is larger than any previously reported oxide abundance. The abundance of presolar silicates is large relative to the concentrations of most other presolar phases, yet their discovery was made possible only recently through ion imaging in the NanoSIMS.
mass. For stars of up to $2.5 M , the depth of first dredge-up increases with stellar mass (Lattanzio & Boothroyd 1997) , which results in higher 17 O/ 16 O envelope ratios (Boothroyd & Sackmann 1999) . Above this mass, the entire 17 O-rich zone of the star is mixed into an increasingly larger envelope mass and more 17 O is destroyed at the temperatures of these stars, so that the final 17 O/ 16 O ratio is lower than that in 2.5 M stars, but still much higher than the initial ratio (Lattanzio & Boothroyd 1997; Nittler et al. 1997; Boothroyd & Sackmann 1999) . Second dredge-up is significant in stars more massive than $3-4 M (Boothroyd & Sackmann 1999; Busso et al. 1999) . In contrast, 18 O/ 16 O ratios are affected much less by dredge-up episodes and, hence, do not vary much with stellar mass, but rather they most likely reflect the parent stellar metallicity (Z; Boothroyd et al. 1994) .
The large 18 O depletions observed in group 2 grains indicate that the envelope material of their parent stars experienced partial H burning during the RGB and/or AGB phases. This could have occurred either by cool bottom processing (CBP), extra mixing that occurs when material from the envelope is cycled to regions hot enough for H burning Nollett et al. 2003) , or by hot bottom burning (HBB) when the convective envelope extends into the H-burning shell Cannon et al. 1995) . A CBP explanation is favored for most grains , but HBB appears to be implicated in at least one group 2 spinel grain Lugaro et al. 2007 ).
The group 3 grains have 16 O excesses and have been interpreted to come from low-Z stars that are older and have lower mass than the parent stars of grains in the other groups. One grain with a very large 16 O excess (Fig. 13 ) probably originated in a supernova (SN; Nittler et al. 1998) . Finally, group 4 grains are enriched in the heavy O isotopes and could come from stars with higher-thansolar metallicity, but some, especially those with the largest 18 O excesses, could have a SN origin (Choi et al. 1998) .
In Figure 13 the O isotopic compositions of all presolar silicates identified to date are compared to those of presolar oxide grains identified by single grain analysis and by ion imaging in the NanoSIMS and IMS-3f ion probes. We must bear in mind when making any comparisons that the number of presolar silicates found thus far is still much smaller than the number of presolar oxides. The compositions of the presolar silicate grains span all four oxide groups and, with the exception of one highly unusual Nittler et al. (1997) . The double-arrowed line indicates the progression from low to high metallicity (Z; Timmes et al. 1995) . Data for Acfer 094 are from this study, , Nagashima et al. (2004) , Nguyen & Zinner (2004) , Hoppe et al. (2005) , Stadermann et al. (2005a) , and Vollmer et al. (2006) . Data for NWA 530 are from Nagashima et al. (2004) . Data for Semarkona are from Mostefaoui et al. (2003) . Data for Bishunpur are from Mostefaoui et al. (2003 . Data for Yamato 81025 and Tagish Lake are from Marhas et al. (2006) . Data for ALHA 77307 are from this study. Error bars are 1 .
grains, indicating similar parent stellar sources. Table 3 gives the fractions of presolar oxide and silicate grains belonging to the different oxide groups arranged according to the analysis method used to identify grains. The reported errors are based solely on the number of grains identified in each category, because it is not possible to quantify the number of grains that are missed due to the isotopic dilution effects discussed previously.
For both grain types, the majority of the grains belong to group 1, with approximately equal fractions having 17 O/ 16 O ratios higher than 0.0015, indicative of formation in higher mass Notes.-Reported errors are based on uncertainties from counting statistics. The proportions change slightly when considering different analysis methods.
stars (1:8 M < M < 4:5 M ). However, in looking at the data from all analysis techniques, it appears as though a smaller fraction of silicate grains comes from low-Z stars ( group 3 grains), yet a larger fraction has
18
O excesses (group 4 grains). The three presolar grains having the largest 18 O enrichments are all silicates ( Fig. 13 ; Messenger et al. 2005; Stadermann et al. 2005a) , and these grains were likely produced in SNe. One apparent difference in the O isotopic compositions of presolar silicate and oxide grains is that there is a larger fraction of presolar oxides with large depletions in 18 O (group 2 grains). Even within the different oxide groups, the presolar oxide grains are generally more depleted in 18 O than the silicate grains. This trend, however, is actually a consequence of the detection method applied. First, ion imaging in the Cameca IMS-3f ion probe creates a bias in the data set, as grains having normal 18 O/ 16 O ratios but anomalous 17 O/ 16 O ratios are overlooked ( Nittler et al. 1997 ). Thus, the grains identified by this technique are skewed to more depleted 18 O compositions. Second, presolar grains analyzed individually also have more 18 O depleted compositions than the anomalous grains detected by raster ion imaging of tightly packed grains, but this is because of signal dilution, as previously discussed and schematically demonstrated in Figures 1-3 .
Because of the biases associated with different analysis methods, a more suitable compositional comparison between presolar oxide and silicate grains is made when only those grains identified by the same method of analysis are considered. Since no presolar silicates have been discovered by single grain analysis, we compare only those grains identified by raster ion imaging in the NanoSIMS (Fig. 14) . In this case, the ranges in isotopic compositions of presolar oxide and silicate grains look quite similar. The fraction of group 1 presolar oxide grains is slightly greater than that of group 1 silicate grains (Table 3) . Group 3 grains make up the same percentage of both presolar oxides and presolar silicates. For group 4 the percentages of presolar silicates are greater than those of presolar oxides. Within error, the proportion of silicates in group 2 and the proportion with 17 O/ 16 O > 0:0015 are the same as for presolar oxides. Of course, we must keep in mind when making such comparisons that the statistics are still very poor. Raster ion imaging in the NanoSIMS led to the identification of $300 presolar oxide grains and 104 presolar silicate grains. As a result, the calculated fractions incur large errors. In addition, due to the isotopic dilution in ion imaging analysis, many of the ''group 1'' grains must actually have true compositions that fall into the group 2 range. Other ''group 1'' grains must have higher 17 O/ 16 O ratios than the measured value, indicating that they formed in stars of higher mass and somewhat lower metallicity. As one can see from Figures 1 and 3 , the dilution effect is smaller for grains with excesses than with depletions in one of the minor isotopes. Therefore, the shift of original group 2 grains to group 1 grains is much more significant than the shifts toward lower 17 O/ 16 O ratios.
Silicon
Various types of presolar SiC grains have been identified, and they are distinguished from one another by the ranges of their C, N, and Si isotopic compositions (Hoppe & Ott 1997; Zinner 2004) . The most abundant type of presolar SiC, the ''mainstream'' SiC, originates from low-mass AGB stars of roughly solar metallicity that have undergone enough thermal pulses followed by third dredge-up to render the stellar envelope C-rich. The Si isotopic ratios of these grains, expressed as -values or deviations from the solar isotopic ratios in parts per thousand (c; e.g., Table 1 ), fall along a correlation line of slope $1.35 on a 29 Si/ 28 Si versus 30 Si/ 28 Si three-isotope plot that primarily reflects the variable initial Si compositions of the parent stars (Clayton et al. 1991; Alexander 1993) as determined by GCE Timmes & Clayton 1996; Clayton & Timmes 1997a , 1997b and local isotopic heterogeneities in the interstellar medium (ISM ) attributable to SN ejecta ( Lugaro et al. 1999; Nittler 2005) . Also expected are small isotopic shifts from this trend along a line of slope 0.1-0.8 due to n-capture reactions in the He shell followed by the third dredge-up in the parent AGB stars (Gallino et al. 1990 Brown & Clayton 1992; Lugaro et al. 1999; Amari et al. 2001; Guber et al. 2003; Zinner et al. 2006) . These shifts are approximately 10c for 29 Si and 30c for 30 Si; the exact values vary depending on the model used.
We have measured the Si isotopic ratios in 10 presolar silicate grains ( Fig. 15) , and reported Si ratios for eight presolar silicates from Acfer 094. The silicate data points span the range seen for mainstream SiC, and mostly fall parallel to, but slightly to the left of, the correlation line in the three isotope diagram. The errors are rather large, however, and the Si isotopic compositions of grains that cluster around solar could be a consequence of signal dilution. We do not expect to see isotopic shifts due to n-capture nucleosynthesis in presolar silicate grains, because the effects of n-capture on Si isotopic ratios are predicted to be noticeable at the surface only after an AGB star has become C-rich ( Lugaro et al. 1999; Zinner et al. 2006) . Thus, the main factor influencing the Si isotopic ratios of a given silicate grain is the initial composition of the parent star. Subsequent dredge-up of He-shell material when the star is C-rich is predicted to shift the initial Si ratios observed in silicate grains to the Si ratios seen in mainstream SiC grains. (Boothroyd & Sackmann 1999) . Note that the model of Boothroyd & Sackmann (1999) Zinner et al. [2005] ). Thus, the absolute metallicity values we infer for presolar grains are subject to significant systematic uncertainty.
GCE also affects the Si isotopic system. The SiC mainstream correlation line is believed to reflect the variable initial Si compositions of the parent stars, and due to GCE, these compositions shift up the correlation line as the metallicity increases. Although some of the spread along the mainstream line might also be due to local heterogeneities in the ISM (Lugaro et al. 1999 ), a strong observed correlation between Si and Ti isotopic ratios in mainstream SiC grains has been used to argue that the trend is dominated by GCE Nittler 2005) . Moreover, this correlation indicates that the Ti isotopic ratios also largely reflect GCE and a correlation between 46 Ti/ 48 Ti and 18 O/ 16 O has been observed for a few presolar corundum grains (Choi et al. 1998; Nittler 2005) , although the data are sparse. Based on all of these considerations, we might therefore expect a positive correlation between the Si and O isotopic ratios of group 1 presolar silicate grains and, as a consequence, between 29 Si/ 28 Si values and the parent metallicities inferred from their O isotopic ratios ( Fig. 16) . Although all but one of the data points by and those of three of our grains seem to indicate such a correlation (all having supersolar metallicity), the rest of the data points do not follow the same trend. However, there are two main difficulties with assembling and interpreting the diagram shown in Figure 16 . First, the dilution of secondary ion signals by neighboring isotopically normal grains will affect both plotted variables. Dilution will of course lead to more solar-like values for all measured isotopic ratios. Because the metallicity values are inferred by subtracting a first dredge-up ( 18 O-depleted) component from the measured 18 O/ 16 O ratios, signal dilution increases the inferred metallicity. Thus, grains with solar Si isotopes but supersolar inferred metallicity might be explained purely by dilution effects. Moreover, if this is the case, the observed trend at supersolar metallicity could actually be a rotation of a trend with shallower slope. Second, it is possible that the parent stars of even some group 1 grains, especially those with 17 O/ 16 O ratios in the same range as those of group 2 grains, underwent CBP, leading to lower 18 O/ 16 O ratios (Nittler 2005) . This would lead to inferred metallicities lower than the true ones for such grains. This is a likely explanation for the four grains in Figure 16 with inferred Z lower than solar, especially since signal dilution could well have masked even larger original 18 O depletions. The fact that the grains with the largest 29 Si excesses also appear to have the highest inferred metallicities gives us confidence that GCE has indeed played a major role in establishing the isotopic compositions of the presolar grains. However, it is clear that data with better precision and accuracy, especially without significant dilution problems, are needed to make further progress.
Mineralogy and Chemical Composition
The specific mineralogy of stardust is a function of the elemental composition and the physical conditions during grain nucleation and growth in the parent stellar atmospheres. We gain knowledge about stellar nucleosynthesis and evolution through the isotopic compositions of presolar grains. By obtaining chemical and mineralogical data for the grains, a better understanding of the stellar atmosphere can be acquired. The chemical compositions of 27 presolar silicate grains have been studied in meteorites (this study; Nagashima et al. 2004; Nguyen & Zinner 2004; Vollmer et al. 2006) , IDPs ( Messenger et al. , 2005 Floss et al. 2006) , and AMMs ( Yada et al. 2005 ( Yada et al. , 2006 . Of these, eight have compositions similar to olivine, 11 are pyroxenelike, and seven have GEMS-like compositions. GEMS (glass with embedded metal and sulfides) have been identified in IDPs and are characterized by their nonstoichiometric silicate compositions and O excesses (Bradley 1994) . One Mg-rich silicate grain appears to have a corundum core ( Vollmer et al. 2006) . As mentioned previously, there are large uncertainties associated with chemical compositions that are determined by SEM-EDX analysis. Five presolar silicate grains have been studied by TEM, of which two are forsterite (Messenger et al. , 2005 , two are GEMS , and one is amorphous (this study).
Of the six presolar silicate grains from Acfer 094 that were analyzed by SEM-EDX (Nguyen & Zinner 2004) , four have Fe contents greater than Mg contents (atomic ratio Mg/Fe $ 0:5 for three grains, Mg/Fe $ 0:06 for one), but because of the small grain size, these results are uncertain. TEM-EDX analysis of one of these presolar silicate grains yields a result similar to that of the SEM-EDX analysis in that the grain exhibits a high Fe content, although it is lower than that of Mg (Mg/Fe $ 1:25 for both analyses). The consistent results of these two techniques give us confidence that the other five grains that were analyzed by SEM-EDX are rich in Fe, even if we do not know the exact Mg/Fe ratio. Scanning Auger microprobe studies of presolar silicate grains from ALHA 77307 revealed two Mg-rich silicates with no Fe, one that is Mg-rich and Fe-poor, and one that is Fe-rich. The Auger spectrum for one presolar silicate grain from an IDP indicates that it is Fe-rich and Mg-poor (Floss et al. 2005) . The presolar olivine grain with a SN origin also has a high Fe content as determined by TEM-EDX analysis (Messenger et al. 2005) . It should be noted that the techniques used to determine the chemical compositions of these grains cannot distinguish between Fe-metal and FeO. Thus, high Fe contents indicated by the spectra could reflect high metal concentration, rather than abundant FeO.
According to astronomical spectra, the major dust species found in O-rich dust shells around evolved stars are amorphous silicates, most of which have the composition of olivine (Demyk et al. 2000) . Moderate amounts of crystalline enstatite, forsterite, and diopside are also inferred, with most stellar sources producing 3-4 times more crystalline enstatite than crystalline olivine ( Molster et al. 2002) . Conversely, in the ISM the upper limit on the abundance of crystalline silicates is only $5% (Li & Draine 2001; Kemper et al. 2005) . Spectra of circumstellar environments indicate the presence of both amorphous and crystalline silicates, where the crystalline silicates contain on average <10 wt.% Fe and amorphous silicates contain more Fe ( Molster et al. 1999 ( Molster et al. , 2002 Demyk et al. 2000) . TEM studies of presolar silicate grains also confirm the presence of crystalline and amorphous silicates having a range of Fe content.
The presolar silicate from Acfer 094 analyzed by TEM is amorphous, and thus the relatively high Fe content of this grain is not unexpected. However, it is rather surprising that four silicate grains from Acfer 094 have Mg/Fe < 1. On the other hand, only one of four silicate grains from ALHA 77307 analyzed by Auger spectroscopy is Fe-rich. The high Fe content of the silicate grains for which TEM data are not available may not be inherent to the anomalous grains, but rather could be attributed to signal from neighboring grains. Indeed, the amorphous groundmass of Acfer 094 is Fe-rich (Greshake 1997) , and SEM-EDX analysis of $10 ; 10 m 2 areas of matrix material in the Acfer 094 meteorite gave Mg/ Fe $ 0:5, very similar to the ratio obtained for several of the presolar silicates. Likewise, the components of the ALHA 77307 groundmass are also Fe-rich ( Brearley 1993 ). Another possibility suggested by Nguyen & Zinner (2004) is that Fe was introduced into the original forsterite by secondary processes taking place in the solar nebula or on the parent body. The Fe-rich rims observed around forsterite in many meteorites likely formed by condensation from a gas of higher oxygen fugacity than that of the solar nebula (Weinbruch et al. 1990 ). Similar circumstances could also have produced Fe-rich rims around presolar silicate grains.
Another consideration is that the high Fe content is actually a primary attribute. Whereas dust that is condensed under chemical equilibrium conditions attains an Fe content of a few percent at most, condensation under nonequilibrium conditions can Boothroyd & Sackmann (1999) . The 29 Si of the Galaxy is expected to increase with increasing Z because of GCE. The data for many of the grains, especially those of , more or less follow such a trend (for Z > 0:02), but grains with lower inferred metallicity do not follow the same trend. However, isotopic dilution from neighboring grains during raster imaging could greatly affect this plot, leading to falsely high inferred metallicity and solar Si isotopes. Moreover, extra mixing in parent stars would lead to inferred metallicity values that are too low.
produce substantially higher Fe concentrations (Gail & Sedlmayr 1999; Ferrarotti & Gail 2001) . It is actually more plausible for dust production in stellar outflows to occur out of chemical equilibrium. One of the Fe-rich presolar silicates was identified in an anhydrous IDP that presumably did not experience extensive secondary processing, and Floss et al. (2005) attribute the Fe content of this grain to nonequilibrium condensation. Moreover, Nittler et al. (2005b) reported the identification of several presolar chromite (FeCr 2 O 4 ) grains with O isotopic compositions indicating an origin in AGB stars. The high Fe content of presolar silicates can thus be argued to be a primary trait, because first, spectroscopic observations indicate an abundance of amorphous silicates, which have more Fe than crystalline silicates. Second, grains with high Fe contents are predicted to condense under nonequilibrium conditions.
A further consequence of nonequilibrium condensation in stellar outflows is that olivine grains are produced in abundance, whereas pyroxene grains are relatively rare (Ferrarotti & Gail 2001 ). Spectroscopic observations also indicate an abundance of amorphous silicates having olivine composition ( Demyk et al. 2000) . However, in contrast to these expectations, in the collection of identified presolar silicate grains, eight have olivine-like compositions, and 11 have pyroxene-like compositions. It is possible that because of reduced survival of amorphous grains, we are mainly sampling the crystalline silicates, of which pyroxene is more abundant. Yet, the astronomical spectra indicate Mg-rich compositions for crystalline silicates in O-rich stellar outflows. Of course, we are still fighting with limited statistics at this point.
Various types of internal grains, most of which are TiC, have been identified in presolar graphite grains (Bernatowicz et al. 1991 (Bernatowicz et al. , 1996 (Bernatowicz et al. , 1999 Croat et al. 2003 Croat et al. , 2005 . In some cases, the TiC grains are centrally located within the graphite and presumably served as condensation nuclei. The first predicted condensation products in oxidizing environments of approximately solar composition are Al 2 O 3 and TiO 2 , and it has been suggested that these grains serve as seed nuclei for the condensation of silicate grains ( Demyk et al. 2000) . Interestingly, individual presolar TiO 2 grains have been identified in meteorites Nittler et al. 2005a ). Sogawa & Kozasa (1999) calculate that both homogeneous Al 2 O 3 and silicate grains form, in addition to heterogeneous grains having an Al 2 O 3 core and silicate mantle. Although the heterogeneous grains are able to crystallize completely, the homogeneous grains remain amorphous. TEM analyses of two presolar Al 2 O 3 grains that condensed in O-rich AGB stars revealed one crystalline and one amorphous grain, neither of which have evidence for subgrains (Stroud et al. 2004) . The crystalline phase does bear trace amounts of Ti distributed as a solid solution. The TEM study of the presolar silicate from Acfer 094 uncovered no internal grains and that this grain is indeed amorphous. In fact, TEM analyses of other silicate grains have found no evidence of heterogeneous accretion. The data for presolar silicates support the conclusions drawn by Sogawa & Kozasa (1999) .
A cautionary statement should be made here, however. In making comparisons between experimental data of pieces of stardust in the laboratory and astronomical spectra or condensation models, we must consider the uncertainties involved in each approach. Direct laboratory analyses of the products of stellar outflows provide unprecedented precision in their isotopic and elemental compositions. Still, each experimental technique applied in this study has its own limitations, which in turn place uncertainties on the data. These uncertainties are minuscule when compared to those of astronomical spectroscopy. The interpretations of the optical spectra are by no means unequivocal, but rely on comparisons with spectra of cosmic dust analogs taken in the laboratory. The exact peak positions are very sensitive to the physical conditions, as well as to the composition (the Mg/Fe ratio for instance), size, and temperature of the grains. Moreover, spectral fits are often nonunique, since different phases can have similar spectral features. The astronomical spectra and condensation models give us clues as to the types of dust expected to form around evolved stars and the conditions in which these particles formed, but we must be mindful of the uncertainties involved in their interpretation.
CONCLUSIONS
The analysis of new presolar grain types introduces a wealth of information on various astrophysical topics. This line of study is sustained by the recent discovery of presolar silicate grains and by their isotopic and mineralogical characterization. We identified 11 presolar silicates, in addition to the nine that were discovered by Nguyen & Zinner (2004) , in Acfer 094, along with eight presolar oxides. In ALHA 77307, we identified nine presolar silicates and five presolar oxides. Analysis of the O isotopic compositions of these grains allows for constraint on the types of parent stellar sources, but we have yet to grasp the full extent of their isotopic distributions due not only to the limited database, but to the inherent limitations of the detection method itself. Raster ion imaging of closely packed samples leads to diluted isotopic compositions, and it is currently not possible to determine the amount of signal dilution for each particular grain. Although we succeeded in measuring the Si isotopes in 10 presolar silicates from Acfer 094, the small grain size makes the analysis of multiple isotopic systems in a single grain quite challenging.
Aside from their isotopic compositions, the mineralogy and elemental compositions of presolar grains have been investigated in order to constrain the physical conditions of the reservoirs in which they formed. The first TEM study of a presolar silicate grain from a meteorite revealed an amorphous structure and nonstoichiometric composition. Auger spectroscopy has been applied to the analysis of six presolar grains from ALHA 77307. The chemical makeup of the presolar silicates studied thus far appears to contradict the information gleaned from astronomical spectra of silicate grains in stellar environments. However, there are uncertainties involved in the interpretation of both astronomical and laboratory grain spectra. These supplementary studies are vital, however, in achieving a more comprehensive look at presolar silicate grains.
This work could not have been accomplished without the NanoSIMS ion microprobe at Washington University. The acquisition of the NanoSIMS was funded by the McDonnell Center for Space Sciences, NASA, and NSF. We thank Scott Messenger for writing the isotopic imaging data analysis program, Daniel Jayo for performing computer simulations of isotopic imaging of tightly packed grains, and Tim Smolar for keeping the NanoSIMS running. The manuscript benefited from an extensive and helpful review provided by Gary Huss. The Auger analyses were performed at Physical Electronics of Chanhassen, Minnesota. This work was supported by NASA grants NNG 05-GF81G (E. Z.) and NNG 05-GJ66G (F. J. S.).
